Optical properties of transition metal oxide quantum wells
In recent years, owing to advances in layer-by-layer growth techniques, it has become possible to grow high quality transition metal oxide (TMO) films with atomic-scale precision and to fabricate artificial structures based on these complex materials. This in turn has enabled band engineering, interface manipulation, and dimensional control in oxide heterostructures. By controlling the layer thickness and interface chemistry, unique phenomena with no bulk analogues have been demonstrated. For example, in LaAlO 3 /SrTiO 3 heterostructures, 1 a two dimensional electron gas (2DEG) was reported at the interface when the thickness of the LaAlO 3 (LAO) layer grown on the TiO 2 -terminated SrTiO 3 (STO) substrate is more than 4 unit cells (uc) thick. 2 In LaTiO 3 (LTO)/STO heterostructures, two dimensional superconductivity 3 exists at the interface, in which T c can be tuned by electrostatic gating in the temperature range from 200 mK to 0 K. 4 Oxide heterostructures can also exhibit properties that are quite different from the parent bulk phases. In particular, oxide heterostructures have demonstrated conductivity enhancement, 5 new optical absorption bands, 6 interfacial magnetic ordering, 7 and various forms of electronic reconstruction. 8 Compared to semiconductor heterostructures, where constituent materials typically have band gaps on the order of 1.0 eV thus limiting the band offset, TMOs can have rather large band discontinuities. STO and LAO have band gaps of 3.2 eV and 5.6 eV, respectively. Since the valence band maxima have similar energy levels (the valence band offset is only 0.2 eV (Ref. 9)), the conduction band offset between these two materials is expected to be about 2.3 eV. This makes the system attractive for short wavelength (visible to near UV) inter-sub-band (ISB) devices.
Going beyond a single hetero-interface, the next simplest heterostructure is a quantum well (QW). In a twodimensional QW, the electronic wave functions are confined along one of the three directions. Such confinement can be achieved by alternating layers of materials with a large band discontinuity. These structures are usually fabricated using layers of GaAs and Ga 1Àx Al x As. One can manipulate the degree of confinement of the electronic states by adjusting the well thickness. Semiconductor QW structures are widely used in multiple device applications such as quantum cascade lasers, 10 quantum well infrared photodetectors, 11 laser diodes, 12 high-performance transistors, 13 and nonlinear optical applications.
14 Note that the conduction band offset between GaAs and AlAs is slightly under 1.0 eV (Ref. 15) and can limit the operating range of these devices. Owing to their large, tunable band gaps and high efficiency, GaN and InGaN are the leading light emitting diode materials 16 and can be used for applications requiring large band offsets. Despite their appeal, however, the materials have several problems that hinder their advancement. Among those are the high lattice mismatch between InN and GaN, 17 and large internal fields in the (0001)-oriented (polar direction) multiple quantum well structures. 18 Both lead to reduction of radiative recombination and emission intensity. These problems can be alleviated to some extent either by growing 3D nanowire arrays 18 or by using strain-balancing 17 but at a price of a significantly more complicated process. Epitaxial oxides offer comparable band offsets without high strain or internal fields. The QWs of TMOs have large band offsets on the order of several electron volts, which offer an unprecedented degree of quantum confinement. In addition, interesting and unusual phenomena are expected because of strong correlation effects of the d-electrons of transition metals. In STO, the transition metal, titanium, is at the center of the oxygen octahedron. The conduction band bottom is formed by the Ti t 2g orbitals and in the bulk is triply degenerate. At the interface with LAO, the degeneracy of Ti t 2g orbitals is lifted, with the d xy band shifting to lower energy. 19 When the STO QW thickness is decreased, the entire conduction band starts feeling the effects of confinement, causing the band structure to develop sub-bands corresponding to the quantum well levels. By controlling the QW thickness, one can manipulate the number of quantized energy levels in the well and their 24 Finally, these structures can be readily integrated with conventional semiconductors 25 thus opening a route for hybrid systems involving, e.g., silicon nanophotonics. 26 The interplay between the d-electron correlation and lowering of orbital symmetry due to confinement may also give rise to unique quantum states not observed in the bulk. For example, a metal-to-insulator transition in SrVO 3 (SVO)/ Nb:SrTiO 3 quantum wells was observed by Yoshimatsu et al. using photoemission spectroscopy when the SVO layer thickness was reduced to two uc. 27 In their later work, they also found evidence of metallic quantum well states that showed dispersion of sub-bands. 28 In the LTO/LAO system 29 quantum confinement was demonstrated by measuring interband transitions using optical absorption. Reducing the LTO layer thickness confines the electron motion along the z direction, making the band more anisotropic. As the LTO thickness is further decreased, the degeneracy of the Ti t 2g orbitals is lifted, with a signature of that being observable in the interband transitions. The GdTiO 3 (GTO)/SrTiO 3 /GdTiO 3 QW exhibits hysteresis in the magnetoresistance as a result of the interfacial proximity effect due to the ferrimagnetic nature of GTO, even though STO itself does not have a magnetic moment. 30 These emergent correlation effects due to confinement have potential for discovering and understanding new physical phenomena not normally observable in bulk material.
In this study, we investigated LAO/STO QW structures on LAO substrates with varying thickness of the QW layer. When the thickness of a QW is reduced, only a limited number of the quantized energy levels can exist inside the QW. These quantized energy levels can be detected by optical measurements if they are unoccupied. Therefore, by controlling the thickness of the STO QW layer, we expect to observe shifts of the optical transitions to higher energies from ellipsometric measurements. In order to demonstrate quantum confinement in a TMO QW, we grew using molecular beam epitaxy (MBE) STO layers with a thickness varying from two (approximately 8 Å ) to ten (approximately 40 Å ) unit cells on LAO substrate followed by a seven unit cell thick LAO barrier layer to form a well in the STO layer ( Fig. 1(a) ). The structures are characterized by in situ reflection high-energy electron diffraction (RHEED), scanning transmission electron microscopy (STEM), and in situ X-ray photoemission spectroscopy (XPS). The surface roughness of the grown QW structures was measured by ex situ atomic force microscopy (AFM). We investigated the changes in the complex dielectric function e as a function of the SrTiO 3 layer thickness using spectroscopic ellipsometry (SE) at room temperature. The dielectric function e was measured from 1.0 eV to 6.0 eV. We observed that the absorption edge of an STO QW shifts toward higher energy compared to bulk STO, showing a blue-shift of the first quantum well sub-band.
The LAO substrates were degreased and then introduced into a customized DCA 600 MBE system with a base pressure of 3 Â 10 À10 Torr. The substrate was outgassed at 800 C for 1 h in an oxygen partial pressure of 3 Â 10 À7 Torr to remove surface contamination. The STO QW and LAO barrier layers were grown by MBE using effusion cells for the metal evaporation and molecular oxygen as the oxidant. The fluxes of Sr, Ti, Al, and La were calibrated to be 1 ML/ min using a quartz crystal monitor with feedback from in situ XPS. STO films were deposited on LAO (001) substrates using a layer-by-layer alternating shuttering method of Sr and Ti. The shuttering cycle was repeated until the desired thickness was reached. All the films grown were terminated with a TiO 2 monolayer. The STO layers were grown at 700 C growth temperature with a total oxygen pressure of 1 Â 10 À6 Torr. The STO layer thicknesses grown were 10 uc, 5 uc, and 2 uc. In the case of 2 uc STO film, we grew a fiverepeat superlattice, [(LAO) 7 (STO) 2 ] 5 , on the LAO substrate. After the STO growth, an LAO barrier layer with a thickness of 7 uc was deposited using shuttering of the La and Al sources at 750 C growth temperature under a total oxygen pressure of 1 Â 10 À6 Torr. This barrier layer was terminated with an AlO 2 monolayer. After deposition, the finished heterostructure was left in the same oxygen pressure used for the growth and held at the growth temperature for 10 min. The structure was then cooled down to room temperature at a rate of 30 C/min in the same oxygen pressure. The film was monitored during growth by in situ RHEED and the surface roughness of the film was measured by ex situ AFM. The film stoichiometry was checked against STO and LAO single crystals using in situ XPS. Atomic scale structural and chemical analysis of the QW samples were carried out by aberration-corrected STEM (Nion UltraSTEM 200), operated at 200 kV and equipped with Gatan Enfinium dual electron energy loss spectrometer. The cross-section specimens were prepared by mechanical polishing and ion-milling.
The dielectric functions of STO QWs on LAO were determined using spectroscopic ellipsometry from 1 to 6 eV at 300 K on a J.A. Woollam variable angle of incidence spectroscopic ellipsometer with a computer-controlled Berek wave plate compensator. We chose a 60 angle of incidence for two reasons: First, at larger angles of incidence the projection of the 5 mm Â 5 mm beam spot is larger than the sample, which causes errors in the measurement. Second, at larger angles of incidence the ellipsometric angle w becomes very 
small (less than 5
). The depolarization spectra are small, indicating good uniformity of the samples. The dielectric functions of the STO quantum wells were extracted from the ellipsometric angles using several standard ellipsometry data analysis techniques. [31] [32] [33] For modeling purposes, the dielectric function of the quantum well was written as a sum of Kramers-Kronig-consistent Gaussian and Tauc-Lorentz oscillators, which achieved near-perfect agreement with the ellipsometric angles (see Eq. (5.60) in Ref. 32 ). The layer thicknesses were fixed based on the growth parameters confirmed by high-resolution TEM imaging. The optical constants for SrTiO 3 (used as a starting point for the quantum well dielectric function) and for the LaAlO 3 substrate were taken from the literature. [34] [35] [36] We assumed that the optical constants for the LaAlO 3 substrate and the LaAlO 3 capping layer are the same. Variations in the LaAlO 3 capping layer density up to 10% affect the band gap by less than 0.05 eV. Figure 2 (b), a rough interface between STO and LAO can be observed. The top and bottom interfaces of the STO layer appear asymmetric with the bottom interfaces often sharper. 33 We believe that this roughness is created during the initial film growth; although interdiffusion and probe channeling could also contribute to the EELS profile broadening, none of the latter two phenomena can account for the observed asymmetry.
The film surface of a 5 uc QW sample was analyzed with AFM (not shown). It has a root mean square (RMS) roughness of 0.15 6 0.01 nm, as determined from a 5 lm Â 5 lm scan area. The surface roughness determined from a larger 10 lm Â 10 lm scan area is 0.36 6 0.07 nm as a result of the presence of twin domain boundaries from the LAO substrate. The surface roughness from the larger scan area is used for the modeling and analysis of the ellipsometry data. Figure 3 (a) shows the energy band alignment of the STO/LAO system. To determine the valence band offset (VBO, DE VBO ) and conduction band offset (CBO, DE CBO ) of the STO/LAO system, core-level (CL) X-ray photoemission was performed. 37 The equation to calculate the VBO is
where (E Sr 3d À E VBM ) STO is the energy difference between the Sr 3d CL and valence band maximum (VBM) of the STO substrate; (E La 4d À E VBM ) LAO is the energy difference between the La 4d CL and VBM of the LAO substrate; and (E Sr 3d À E La 4d ) heterostructure is the energy difference between the Sr 3d and La 4d CLs measured in a heterostructure. To calculate the CBO, the experimental band gaps of LAO and STO are used.
Each valence band maximum (VBM) was determined by linear extrapolation of the leading edge of the valence band spectra of the substrates. 33 From the STO substrate, the Sr 3d 5/2 peak and VBM of STO substrate were measured to be at 134.11 eV and 3.47 eV, respectively. The energy difference between the Sr 3d 5/2 and VBM was 130.64 eV. The La 4d 5/2 peak and VBM of LAO substrate were measured to be at 102.81 eV and 3.19 eV, leading to an energy difference of 99.62 eV. These energy differences are in good agreement with the measurements by Chambers et al. 38 For the last term of the VBO equation, we used the 5 uc QW sample to determine the CL energy difference between Sr 3d 5/2 and La 4d 5/2 . We determined the energy difference to be 30.96 eV between Sr 3d 5/2 and La 4d 5/2 from the QW sample. From these measured energy positions (see Figure 3(a) ), we calculate the VBO to be À0.06 6 0.05 eV. The CBO is determined to be 2.34 eV by using the experimental band gaps of 5.6 eV for LAO 39 and 3.2 eV for STO. 34, 40 The band alignment across the LAO/STO/LAO QW structure is shown in Figure 3(b) . In Figure 3(c) , we can see a comparable band discontinuity in the conduction band by comparing the onsets of energy loss in the O K edge spectra taken from the substrate (spectrum 1), the center of the STO well (spectrum 15), and the LAO capping layer (spectrum 25).
The complex dielectric functions of the STO quantum wells (determined as described above) were used to calculate the absorption coefficient a, which can be expressed by a ¼ 4pk/k where k is the extinction coefficient and k is the wavelength. We converted the complex dielectric function indices (e 1 and e 2 ) with the equation k ¼ f
Therefore, we can extract the absorption coefficient a from the spectroscopic ellipsometry data and then plot a 2 versus photon energy for bulk STO and the QW STO structures (Figure 4(a) ).
The direct band gap was determined by linear extrapolation of the leading edge of a 2 to zero, with an accuracy of about 60.05 eV. The intercept corresponds to the direct band gap. The onset of absorption in bulk STO was 3.78 eV. From the fitting of ffiffi ffi a p versus photon energy, the intercept of a straight line fit shows a value of 3.26 eV, which is the indirect band gap of the bulk STO. These values are very similar to the reference values. 34 The same plotting method to find the direct band gap was applied to the data obtained from the various QW structures. As the STO QW thickness was decreased from 10 to 5, and finally to 2 uc, the onset of direct absorption was blue-shifted by 0.19 eV for 10 uc, 0.26 eV for 5 uc, and 0.39 eV for 2 uc, compared to that of bulk STO.
To estimate the blue shift, we have computed the eigenstates of a QW having a width of 0.78 nm (2 uc) and a potential depth of 2.4 eV, with the effective mass being the free electron mass. As shown in Figure 4 (b), the QW ground state energy is about 0.35 eV above the bulk conduction band bottom, consistent with the observed blue shift. Chambers et al. 38 reported that the intermixing of cations in LAO/STO heterostructures (La $ Sr for A site and Al $ Ti for B-site) leads to n-type doping of the STO. The conductivity of ntype doped STO can be confirmed by the presence of a Drude tail in spectroscopic ellipsometry. 23, 41 However, as there was no Drude tail in the quantum well samples, the blue shift we observe is not from the Burstein-Moss shift. 42 This is in contrast to La-doped STO, where both the Drude tail and the blue shift are simultaneously observed, and the system is actually metallic. 23 Strain in the STO layer can also affect the band gap and CBO. Because the STO is under compressive strain, the band gap is expected to be slightly reduced by $0.1 eV. 43, 44 This means that the actual CBO is slightly larger than the value we report indicating an even greater degree of confinement. We have checked using numerical simulations of a QW that such a change in the well depth does not affect the energy of the lowest subband to within the error of the optical measurement.
We have grown transition metal oxide quantum wells based on STO using MBE. The excellent layer and interface qualities were confirmed by RHEED and cross-sectional STEM imaging, and the band offsets were measured using in situ XPS. We have demonstrated that by varying the thickness of the quantum well layer from 10 uc down to 2 uc, we can control the position of the first quantum well sub-band, as measured by the blue shift of the absorption edge of the heterostructure using spectroscopic ellipsometry. The blue shift is as much as 0.39 eV for the 2 uc quantum well structure. The amount of blue shift as a function of quantum well layer thickness agrees with a simple effective mass model of the structure. This work demonstrates that oxide-based quantum wells can be fabricated to the same degree of control as conventional semiconductors and have strong potential for unipolar inter-sub-band devices working at short wavelengths. 
